We study the static and dynamic properties of the water-density fluctuations in the interface of large nonpolar solutes. With the help of extensive molecular dynamics simulations of TIP4P water near smooth spherical solutes, we show that for large solutes, the interfacial density profile is broadened by capillary waves. For purely repulsive solutes, the squared width of the interface increases linearly with the logarithm of the solute size, as predicted by capillary-wave theory. The apparent interfacial tension extracted from the slope agrees with that of a free liquid-vapor interface. The characteristic length of local density fluctuations is Ϸ0.5 nm, measured along the arc, again consistent with that of a free liquid-vapor interface. Probed locally, the interfacial density fluctuations exhibit large variances that exceed those expected for an ideal gas. Qualitatively consistent with theories of the free liquid-vapor interface, we find that the water interface near large and strongly nonpolar solutes is flickering, broadened by capillarywave fluctuations. These fluctuations result in transitions between locally wet and dry regions that are slow on a molecular time scale.
T
he hydration structure and thermodynamics of simple nonpolar solutes in water is central to a molecular understanding of many biological self-assembly processes, including protein folding and the formation of lipid membranes (1) (2) (3) (4) . To understand the water-induced conformational changes in biopolymers that lead to functional structures, it is critical to study not only the effects of water on these molecules but also the reverse, i.e., the modified behavior of water in the vicinity of these molecules. To avoid the inherent chemical and structural complexities of present in biological molecules, it is instructive to consider model systems with tunable degrees of freedom. Arguably the simplest such model system is a smooth spherical particle immersed in a water bath (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . Such a rudimentary solute model captures two key factors in solvation, the size of the solute and the strength of its interactions with water.
Small, methane-sized solutes are accommodated by water with only minor disruptions of the bulk hydrogen-bond network. The resulting small-solute hydration thermodynamics has been predicted successfully by approaches that take into account the molecular-scale density fluctuations in bulk water, including scaled-particle theory (5, 19 ) (see ref. 20 for a recent review), , the Gaussian field model (21) , an information theory model (22) , and Lum-Chandler-Weeks (LCW) theory (23) . With the addition of a large repulsive solute, it becomes impossible for water molecules to maintain their bulk hydrogen-bond structure (24) , which also affects the wetting behavior. At ambient conditions the contact theorem predicts a near-zero water density at a flat hard wall (5) . Based on this rigorous limit and an interpolation formula, Stillinger anticipated that the water molecules will move away from an extended hydrophobic surface and form a depleted density region near such a surface akin to a water-vapor interface (5) . LCW theory (23) provides a statistical-mechanical framework to describe the structure and thermodynamics of such inhomogeneous fluids near phase coexistence, and successfully produces a cross-over in the hydration thermodynamics from a small-length-scale to a large-length-scale dependence (4). In particular, LCW theory predicts that the free energy of hydration scales linearly or superlinearly with solute volume for small solutes but sublinearly, or proportional to solute surface area, for large solutes (11, 13, 23) .
Underlying this qualitative change in solvation thermodynamics is the so-called ''drying'' transition, i.e., the formation of a vapor-like layer near extended hydrophobic surfaces. Examples of drying-induced phenomena include the hydrophobic collapse of a polymer chain (25) (26) (27) , dewetting-induced attractive interactions studied in detail by Berne, Zhou, and coworkers in the collapse of multidomain proteins and hydrophobic particles (28) (29) (30) , and large hydrodynamic slip lengths at the solid-water interface (31) (32) (33) .
Notwithstanding many recent advances toward a consistent picture of water near hydrophobic interfaces, our understanding of microscopic fluctuations at these interfaces is far from clear. Is the interface formed by low-density water, gradually thinning out toward the solute, or is there a sharp transition between a high-density bulk-like phase and a thin vapor-like layer, with the location of the interface wrinkled by capillary waves? What are the length scales and time scales associated with the density fluctuations near the solid surface, as compared with bulk and the planar liquid-vapor interface? How do these properties change with the strength of the solute-water interactions? Here, we try to provide answers to these questions by using molecular dynamics (MD) simulations of a simple model system of a spherical solute in water.
The article is organized as follows. We first study the interfacial density profile and show that its width scales linearly with the logarithm of the solute size for purely repulsive solutes. The apparent surface tension extracted from the slope is shown to agree with that of a liquid-vapor interface. We then probe the local density fluctuations in the interface and show that near large and purely repulsive solutes, the variance of these fluctuations exceeds those expected for an ideal gas. Together the results support the model of a ''flickering'' water interface near strongly hydrophobic solutes, similar to free liquid-vapor interfaces (34) , with dry and wet patches whose relative populations change as a function of solute size. determined average solvation structures, the f luctuationinduced broadening of the interface, and the relation between broadening and the interfacial tension as well as the static and dynamic properties of fluctuations in the local water density near the interface.
The radial distribution functions g ow-s (r) of water oxygen around the solute show a qualitative change in interfacial character from a ''wet'' to a ''dry'' interface ( Fig. 1) . Consistent with earlier studies (9, 11, 13) , the water density at contact gradually decreases with increasing solute size. For purely repulsive solutes with diameters s that exceed a critical radius s c /2 Ϸ 1 nm, the contact peak in g ow-s (r) is entirely absent, and the density profile assumes the sigmoidal shape of a flat liquidvapor interface. This transition from a wet (peaked) to a dry (sigmoidal) interface, as inferred from g ow-s at contact, is akin to the small-to-large length-scale cross-over from a solute-volume dependence of the solvation chemical potential to an area dependence (11, 23) . Rajamani et al. (17) showed that this cross-over moves toward even smaller length scales if the solvent is under hydrostatic tension. Consistent with this previous observation, we find here a smaller s c for systems under negative pressures (Fig. 1B) . In contrast, for solutes AS1 and AS2 with attractive solute-solvent interactions g ow-s (r) remains structured to larger solute sizes ( Fig. 1 C and D) .
As shown in Fig. 1 , the interfacial density profiles assume similar sigmoidal shapes for large repulsive solutes ( s Ͼ s c ). However, we find that with increasing solute size, the interfaces become wider (Fig. 1) and recede from the solute for both repulsive and attractive solutes, as compared with the interface locations expected for an ideal gas [supporting information (SI) Fig. S1 ]. This broadening of the solute-water interface may be a result of the perturbations imposed by the capillary waves to an intrinsic interfacial density profile (35) (36) (37) (38) . In capillary-wave theory, the interface is treated as a 2-dimensional surface whose fluctuations are Boltzmann-weighted according to the reversible work against a surface tension (35). For a spherical droplet (and by analogy for a bubble, if one ignores issues of mass conservation), the square of the interfacial width ⌬ 2 is predicted to grow linearly with the logarithm of the radius R (39),
where ⌬ 0 2 accounts for the intrinsic width, k B is the Boltzmann constant, T the temperature, ␥ the apparent interfacial tension, and B 0 a short wavelength cutoff, set effectively by the molecular size.
To determine the width of the interfaces, we fit an error function (40) to the scaled interfacial density profiles
as shown in Fig. 2A , with R defining an apparent solute size by the midpoint of the solute-water interface. The total interfacial width is then given by ⌬ 2 ϭ ͐(r Ϫ R) 2 GЈ(r)dr/͐GЈ(r)dr, with GЈ(r) ϭ dG/dr, where the integrals extend over the interfacial region, and curvature corrections are ignored (39) .
As shown in Fig. 2B , the square of the interfacial width, ⌬ 2 , indeed grows linearly with the logarithm of the apparent solute size, ln R, over the entire range of dry solutes, 1.5 Յ s Ͻ 4.5 nm. From the slope of a linear fit (37) of ⌬ 2 to ln R according to Eq. 1, we obtain a numerical estimate of the apparent interfacial tension, ␥ ϭ 60 mN/m. Notably, the surface tension for a planar liquid-vapor interface of TIP4P water was calculated as 54.7 Ϯ 2 mN/m by using the pressure tensor (41) and 53.6 Ϯ 3 mN/m by the capillary-wave method (42) . As shown in Fig. S2 , the apparent ␥ from Eq. 1 is slightly changed if we perturbatively correct the interfacial density profile for the broadening induced by the softened water repulsion of large solutes. We further note that the theory, without modifications, is applicable only to a dry solute, for which the solute-water interface can fluctuate freely. The interfacial profiles of the attractive solutes are steeper than those of the purely repulsive solutes (Fig. 1) because the attractive interactions effectively pull in the solvent interface. Overall, the agreement between the apparent surface tension calculated here and the liquid-vapor surface tension provides quantitative support for the presence of a water-vapor interface around a dewetted nonpolar solute.
Density Fluctuations in the Interface. Capillary-wave theory allows us to quantify the fluctuations in the fluid density averaged over the entire interface in terms of a macroscopic surface tension. To gain a microscopic understanding, we probe the local density fluctuations in the interface. A snapshot of the interface around a large repulsive solute is shown in Fig. 3 . The cut through the simulation system shows that the fluid phase around the solute remains dense, without any apparent dilution into a low-density vapor-like region. The distance of the dense fluid phase from the solute varies considerably over the solute surface, touching the solute in fingerlike protrusions of a few densely packed water molecules in some places, and receding from the solute in others. Fig. 3 suggests a flickering interface, broadened by the capillarywave fluctuations underlying Eq. 1, consistent with the theory of Weeks for liquid-vapor interfaces (34) . To quantify the interfacial density fluctuations, we coarsegrain the local water density over a molecular length scale. Specifically, we determine the fluctuations in the water occupancy numbers in methane-sized spherical probe volumes of p ϭ 0.33-nm diameter. These probes are placed either at the center of the interface at a distance R from the solute, or in contact with the solute, with their centers separated by a distance ( s eff ϩ p )/2, where the effective solute diameter s eff is defined so that V rep (r ϭ eff ) ϭ k B T (43) . V rep is the repulsive part of the solute-water potential, which for attractive solutes is obtained from a Weeks-Chandler-Andersen separation (44) . Fig. 4 shows the average number of water oxygen atoms ͗N͘ inside the probe volumes for repulsive (RS) as well as attractive (AS1, AS2) solutes. In all cases, the average water density in the interface decreases as the solute size is increased. For purely repulsive solutes, water at contact almost completely disappears for solute diameters Ͼ4 and Ͼ2.5 nm at 1-and Ϫ500-bar pressure, respectively. For the attractive solutes at ambient pressures, the density drop is less pronounced and occurs in steps, the first at s Ϸ 1 nm being associated with the reduction in the contact peak of g ow-s (r), and the second at s Ͼ 3 nm with interfacial broadening (Fig. 1) and the receding interface (Fig.   S1 ). However, for attractive solutes, ͗N͘ does not drop to zero on the solute size range studied, i.e., the interface remains at least partially wet up to s ϭ 4.5 nm.
The variance in the water density fluctuations exhibits an even more striking behavior. The Inset in Fig. 4 shows the variance in the occupancy number N normalized by its mean value, (͗N 2 ͘ Ϫ ͗N͘ 2 )/͗N͘, as a function of the solute diameter s for the different solute types. In the macroscopic limit, the ratio of variance and average approaches k B T T , where T is the isothermal compressibility. The horizontal lines in Fig. 4 indicate the 2 limiting cases of fluctuations for a 0.33-nm-diameter probe volume in bulk water, and for the Poissonian statistics of an ideal gas. As the size of the repulsive solutes increases, rises to values Ϸ4 times those in bulk water. This large variance in the density fluctuations suggests that water near large hydrophobic solutes is more compressible, owing to fluctuations between locally dry and wet states and consistent with a large drop in ͗N͘ at Ϫ500-bar pressure (Fig. 4) . Large compressibility was previously reported for water confined between hydrophobic plates (45) .
Remarkably, for large repulsive solutes, even exceeds the ideal-gas limit of 1. This super-Poissonian statistics (46) suggests that a weak clustering may contribute to the density fluctuations, consistent with the structures seen in the simulation snapshot Fig. 3 and the capillary-wave theory. Note, however, that the probabilities P(N) are not bimodal (Fig. S3) . The peak in (Fig.  4 Inset) is also reminiscent of the drying transitions between extended hydrophobic surfaces (47) and in long nanopores (48) . We note that for a planar TIP4P liquid-vapor interface, we find Ϸ 1 at the center, and Ͼ 1 in the interfacial region on the vapor side (data not shown).
Range of Interfacial Density Fluctuations. The spatial range of the density fluctuations in the interface of the repulsive solutes can be determined from distance-dependent static cross-correlation functions of the coarse-grained density. correlation length as the distance where C 12 drops to e Ϫ1 . The resulting values range from 0.1 to Ϸ0.45 nm for s between 0.1 and 4.5 nm (Fig. 5) . Similar values were obtained for probes placed in contact with the solute and for probes placed in a planar liquid-vapor interface of TIP4P water (Fig. 5 Inset; note that we expect a system-size-dependent also for the flat liquid-vapor interface).
Dynamics of Interfacial Density Fluctuations.
To probe the dynamics of the density fluctuations near dewetted solutes, we follow the time dependence of the water occupancy in probe volumes kept at a fixed location with respect to the solute. Fig. 6A shows a representative time series of N for a 0.33-nm-diameter probe in contact with a s ϭ 2.5-nm solute. We observe intermittent dry periods (with n ϭ 0) of up to Ϸ5-ps duration, indicated by gray shading in the time series, separated by longer wet periods with N Ն 1. We note that n ϭ 0 is visited both during dry and wet periods, indicating that N is not a good order parameter to probe transitions between the locally wet and dry states. Indeed, the normalized autocorrelation functions C(t) of N(t) show biexponential behavior (Fig. 6B Inset) . We find that the time constant of the fast relaxation does not change appreciably with solute size (data not shown), and associate this fast phase with water molecules moving in and out of the probe volume in the locally wet state. In contrast, the slow relaxation time slows down as the solute size is increased, and we associate it with transitions between locally wet and dry states (Fig. 6B) . For probes placed in the interface (at a distance R), increases monotonically with s . Qualitatively similar behavior is obtained for attractive solutes, but with a shorter relaxation time dominated by the shorter lifetime of locally dry states. For probes placed at the center of a planar liquid-vapor interface (simulated under periodic boundary conditions), we obtain a correlation time of Ϸ13 ps (Fig. 6B Inset) . This somewhat slower relaxation time is qualitatively consistent with the gradual increase of with solute size seen in Fig. 6B . However, a quantitative comparison would require infinite system-size limits for both the solute-water and liquid-vapor interfacial systems. In contrast to probes placed at the center of the interface, for probes at contact with the largest purely repulsive solutes, levels out, being dominated by the short lifetime of locally wet states as the average occupancy ͗N͘ approaches zero.
Concluding Remarks
Water ''evaporating'' from nonpolar confinement has been observed in a number of simulation studies and has been unequivocally demonstrated in at least 1 experiment probing the hydration of a protein cavity (49) . Simulation examples of such confinement-induced drying (50) range from nanotubes (51) to plates (28, 45, (52) (53) (54) (55) (56) (57) (58) (59) and the interfaces between proteins (30, 60) to collapsing polymers (25) (26) (27) . Associated with these surface-induced drying transitions are nanometer-scale fluctuations in the local water density (27) , resulting in detectable locally liquid-like and vapor-like phases. Here, we have probed the more subtle fluctuations in the water density near convex-shaped nonpolar solutes. We find that these fluctuations occur on smaller, subnanometer-length scales and do not result in the dramatic and clearly detectable creation of large voids. Nevertheless, these density fluctuations exhibit the signatures expected for liquid-vapor interfaces.
From the static and dynamic correlations of interfacial density fluctuations, the picture of a rough and flickering interface emerges. The sigmoidal-shaped density profiles are broadened by capillary-wave fluctuations that roughen an otherwise sharp spatial transition between the dense liquid and the molecularly thin vapor-like region surrounding the solute. Drying is enhanced by putting the fluid under tension (by applying negative pressure). In contrast, attractive solute-water interactions are found to favor a wet interface. Nonetheless, the interface recedes from large attractive solutes (Fig. S1 ). This observation suggests that weak attractions shift the drying transition but do not fundamentally alter the liquid-vapor-like character of the interface, consistent with recent simulation studies (61) . Quantitative demonstrations of drying at nonpolar interfaces have built on the predicted surface-area dependence of the solvation free energy (5, 23) , with a proportionality constant comparable with the macroscopic liquid-vapor surface tension. However, such comparisons are complicated, for instance, by the necessary corrections for the solute curvature, involving Tolman's length (62) . Here, we directly relate the microscopic structure of the solute-water interface to the interfacial tension, a formalism that was previously applied to liquid-vapor interfaces (42) . Under the assumption of dewetting at the interface, capillary-wave theory predicts that the square of the interfacial width should grow linearly with the logarithm of the solute size. Indeed, that is what we observed here. Moreover, as predicted by capillary-wave theory, we find that the apparent surface tension extracted from the slope agrees nearly quantitatively with that calculated for a planar liquid-vapor interface. Put together, these observations provide a demonstration of the vapor-like region near large nonpolar solutes in water, as anticipated by Stillinger (5) and obtained as a central result from the theory of Lum, Chandler, and Weeks (4, 23) .
Models and Methods
MD simulations are performed with GROMACS 3.3.1 (63) . Temperature and pressure are held constant at 300 K and either 1 or Ϫ500 bar by using a Langevin thermostat and Berendsen barostat (64), respectively, each with time constants of 1 ps. The solute and water oxygen atoms interact via a potential V(r) ϭ 4[ 12(/r) 12 Ϫ 6(/r) 6 ], where r is the radial distance. Electrostatic interactions are calculated with particle-mesh Ewald summation (66) . The simulation time step is 2 fs. After equilibration, Ϸ1,500 snapshots of the system are saved at 0.4-ps intervals for analysis. In close agreement with experiment (23), liquid TIP4P water at P ϭ 1 bar pressure and 300 K temperature is near coexistence with its vapor, with the free energies per particle in the gas and liquid differing by g Ϫ l Ϸ P/l Ϸ 1.8 ϫ 10 Ϫ3 kJ/mol, where l is the liquid density. We note that the estimated interfacial widths change slightly if we perturbatively correct for the effects of the softening of the solute-water interactions with increasing solute size, g ow-s corr (r) Ϸ exp[Ϫ(Vref(r) Ϫ V(r))/kBT]gow-s(r) (9) , where V(r) is the solute-water interaction potential, and V ref(r) is a reference solute-water interaction potential that does not change shape as the solute size is increased (see Fig. S2 ).
